A novel thymidine-producing strain of Escherichia coli was prepared by genome recombineering. Eleven genes were deleted by replacement with an expression cassette, and 7 genes were integrated into the genome. The resulting strain, E. coli HLT013, showed a high thymidine yield with a low deoxyuridine content. DNA microarrays were then used to compare the gene expression profiles of HLT013 and its isogenic parent strain. Based on microarray analysis, the pyr biosynthesis genes and 10 additional genes were selected and then expressed in HLT013 to find reasonable candidates for enhancing thymidine yield. Among these, phage shock protein A (PspA) showed positive effects on thymidine production by diminishing redox stress. Thus, we integrated pspA into the HLT013 genome, resulting in E. coli strain HLT026, which produced 13.2 g/liter thymidine for 120 h with fedbatch fermentation. Here, we also provide a basis for new testable hypotheses regarding the enhancement of thymidine productivity and the attainment of a more complete understanding of nucleotide metabolism in bacteria.
T
hymidine is a commercially useful precursor in the chemical synthesis of various antiviral drugs, including stavudine and zidovudine (azidothymidine), the active ingredient in a formulation for the treatment of AIDS (1, 2) . Thymidine, which is composed of 2-deoxyribose and a thymine base, has been produced by employing bacteria belonging to the genera Brevibacterium and Corynebacterium (3, 4) . These strains were improved by chemical mutagenesis. Thymidine production in these strains has been further improved by random mutation and selection. A recent report described the production of thymidine by rationally engineered Escherichia coli strains, in which thymidine-biosynthesizing genes were amplified and thymidine-degrading genes were disrupted (5) (6) (7) (8) . Studies of both constructed E. coli strains and Brevibacterium (and Corynebacterium) spp. have used the same strategies, even though the productivities in those microorganisms were much lower than that in the E. coli recombinant strain (Ͻ500 mg/liter). The first shared strategy was the inactivation of the salvage pathway for preventing the degradation of thymidine. The second strategy was the enhancement of the reduction of nucleoside diphosphate (NDP) to deoxynucleoside diphosphate (dNDP). The third strategy was the enhancement of thymidylate synthase. In E. coli, these strategies could be achieved by deleting deoABCD, tdk, and udp with a rationally designed gene knockout and overexpression of phage T4 NDP reductase subunits and T4 thymidylate synthase (td). To reduce feedback inhibition, we overexpressed T4 thymidylate synthase and T4 NDP reductase subunits, instead of intrinsic enzymes of E. coli. In Brevibacterium (and Corynebacterium) spp., these strategies could be achieved by screening thymidine auxotrophs after chemical mutagenesis, hydroxyurea-resistant mutants, and fluorouraciland trimethoprim-resistant mutants (3, 4) .
Of the enzymes required for thymidine biosynthesis, NDP reductase and dihydrofolate reductase require NADPH as a cofactor (9) . Hence, the availability of NADPH plays an important role in the regulation of thymidine biosynthesis. In cells, NADPH is produced by the reduction of NADP ϩ , which is mainly produced by the phosphorylation of NAD ϩ . The most prominent function of NADP appears to be maintaining a pool of reducing equivalents for metabolic systems that in one way or another protect the cell from damage (10) , while NAD ϩ also appears to act as a versatile molecule with both messenger and bioenergetic functions (11) . Thus, the availability of NADPH and its redox balance seem to be very important for thymidine production. In E. coli, the balance between NADH and NADPH can be maintained by two isoforms of pyridine nucleotide transhydrogenases, i.e., membrane-bound transhydrogenase (PntAB) and soluble transhydrogenase (UdhA) (12) (13) (14) . Of the two enzymes, UdhA mainly catalyzes NADPH to NAD ϩ in an energy-independent manner when NADPH levels are high. Therefore, under metabolic conditions that lead to excess NADPH formation, the role of UdhA becomes critical for growth (14, 15) . The overexpression of UdhA could be utilized in both the NADPH-requiring process and the process for recycling excess NADPH. We also showed that increasing the NADPH/NADP ratio, which was achieved by changing medium components and overexpressing soluble transhydrogenase (udhA) and NAD kinase (yfjB), positively affected thymidine production (6, 7) .
In E. coli, carbamoyl phosphate is a common precursor of pyrimidines and arginine, and thus the expression of carbamoyl phosphate synthetase may be under complex regulation by various metabolites in the pathways for pyrimidine and arginine synthesis. The two promoters of carAB shared several transcription factors in their regulation, PurR (16) , PepA (17) , and ArgR (16, 18) . The disruption of these three repressors (purR, pepA, and argR, respectively) is an efficient engineering strategy to increase thymidine productivity (8) .
In the development of many industrial strains, the construction of a plasmid-free strain has been a promising way for stable and convenient cultivation (19) (20) (21) . It is well known that strains bearing the plasmid-like pET-based vector we used in this study can express target proteins in up to 50% of the total proteins, while their ori (pMB1) is a medium-copy-number origin of replication. Mairhofer et al. (21) reported that the plasmid-free system showed a moderate stress response on the transcriptional level, with only minor effects on cell growth, while the plasmid-based expression system and cell growth were heavily impaired by recombinant gene expression in transcriptome analysis (21) . Additionally, they found that the T7 terminator is not a sufficient termination signal. They concluded that the major metabolic burden in plasmid-based systems is caused at the level of transcription as a result of overtranscription of the multicopy-product gene and transcriptional readthrough of T7 RNA polymerase.
Based on this experience and knowledge, we prepared a plasmid-free strain for industrial production using BLdtugRPA (8) . Even though a thymidine-producing E. coli strain was successfully developed as a plasmid-free strain with a lower burden of protein overexpression, it is possible that the deletions in the genomic regions not directly related to metabolite biosynthesis (ung, purR, pepA, argR, and rpoS) cause unwanted changes in cell physiology and growth retardation. Indeed, in the abovementioned approaches, potential problems affecting cell growth and maintenance may arise from increased intracellular instability and a loss of the regulation of purine, pyrimidine, and arginine biosynthesis. Because purine and pyrimidine nucleotides constitute components of (i) nucleic acids, (ii) cofactors in enzymatic reactions, (iii) intracellular and extracellular signals, (iv) phosphate donors, and (v) the major carriers of cellular energy, imbalances between these different nucleotide pools can significantly perturb normal cellular function (16, (22) (23) (24) . Thus, further enhancement of thymidine production using rational metabolic engineering approaches may prove difficult due to the complex and overlapping regulatory mechanisms involved in deoxynucleotide biosynthesis and related metabolites. Clearly, to overproduce thymidine, cells would be continuously and highly stressed due to the requirements for high levels of NADPH and dTTP. Hence, we needed to examine how these burdens could be lowered without a loss of productivity.
Over the last decade, transcriptome analysis using DNA microarrays has conveniently provided information about cellular stress and the molecular burden caused by overproducing a target metabolite (25) (26) (27) . Here, the thymidine-overproducing strain HLT013 and its isogenic parent, E. coli strain BL21(DE3), were compared on a transcriptomic level. These data allowed us to predict the impact of individual gene expression levels on a complex metabolic network in the intracellular environment of the thymidine-overproducing strain. Based on transcriptome analysis, we selected possible candidates capable of further improving thymidine yield by lowering the cellular burden. Among the candidates, the strain which expressed phage shock protein A (PspA) showed significant growth recovery without a loss of productivity. Therefore, the pspA gene was integrated into the genome of HLT013, resulting in the final thymidine-producing strain HLT026. PspA is induced when inner membrane integrity is challenged, and its family helps maintain the proton motive force (PMF) under PMFdissipating conditions (28) (29) (30) . Finally, the HLT026 strain capable of expressing pspA showed a high production yield in a 7-liter jar fermentation, indicating that thymidine production was enhanced not only by expressing biosynthetic genes but also by diminishing cellular stress caused by severe redox imbalance. Here, based on known metabolic information and new knowledge generated by transcriptome analysis, we demonstrated rational metabolic engineering strategies capable of developing a thymidineoverproducing strain by integration into the E. coli genome.
MATERIALS AND METHODS
Bacterial strains and plasmids. BLdtug and BLdtugRPA, whose genomes were modified by FLP recombination target (FRT)-mediated homologous recombination from BL21(DE3), were used as integration hosts in this study. The E. coli strains and plasmids used in this study are listed in Table 1 . E. coli strain XL1-Blue (Stratagene, La Jolla, CA) was used as the cloning host in the construction of expression vectors and was grown in lysogeny broth (LB) medium (5 g/liter yeast extract, 10 g/liter Bacto tryptone, and 10 g/liter NaCl). HLT013 was the base strain for finding reasonable thymidine-producing candidates. HLT013 has 11 disrupted genes (⌬tdk, ⌬purR, ⌬ung, ⌬pepA, ⌬udp, ⌬argR, ⌬deoABCD, and rpoS) and 7 overexpressed genes (T4 intron-deleted version of the td gene [td⌬I], the phage PBS2 TMPase gene, T4 nrdCA, and mature T4 nrdB gene [nrdB mat ], udk, and dcd) ( Table 1; The plasmid pKD3, which contains FRT sites flanking the selectable marker gene, was used for constructing the integration cassettes (31) . The
Red helper plasmid pKD20 was used for improving homologous recombination, and pCP20 expressing FLP recombinase was used for eliminating the antibiotic marker. For testing candidate genes, the plasmid pETduet was used for constructing all expression plasmids, as listed in Table 1 . Plasmid maps are shown in Fig. S4 and S6 in the supplemental material.
Gene inactivation and expression cassette construction. PCR-mediated disruption of target genes was performed according to previously described methods (31) . The schematic of gene inactivation and integration is shown in Fig. S2 in the supplemental material. PCR fragments for integration were amplified using plasmid DNA constructs that contained an FRT-flanking selectable marker and that expressed genes or operons under the control of the T7 promoter. T4 thymidylate synthase (td⌬I) and PBS2 TMPase genes were each amplified from sources by PCR, with flanking primers that included 6-bp restriction site extensions, and were ligated to each other into pETduet (see Fig. S2A in the supplemental material). Similarly, the T4 nrdCA operon and T4 nrdB were amplified by PCR. The intron region of nrdB was removed to construct a mature nrdB gene (nrdB mat ) using a Gibson assembly kit (NEB). Uridine kinase (udk) and dCTP deaminase (dcd) genes were also each amplified from E. coli by PCR with flanking primers that included 6-bp restriction site extensions, and they were ligated to each other with a ribosome binding site (RBS) to create an artificial operon (udk-dcd). Each DNA fragment was ligated into pETduet, and then each expression cassette was prepared for chromosomal integration after amplification using each flanking primer set. The oligonucleotides used for the generation of gene disruption fragments are shown in Table S1 in the supplemental material. The PCR products were transformed into electrocompetent cells harboring pKD20, which carries the bacteriophage Red operon. Colonies were selected on LB agar plates containing ampicillin (50 g/ml) or chloramphenicol (30 g/ml). Successful gene replacement with the antibiotic marker was confirmed by PCR (see Fig. S2 ). The antibiotic marker was eliminated using helper plasmid pCP20 encoding the FLP recombinase.
RNA isolation and microarray. Total cellular RNA was extracted from mid-log-phase cells with a Qiagen RNeasy minikit (Qiagen, Valencia, CA), as described by the manufacturer. RNase-free DNase I (TaKaRa Bio, Shiga, Japan) was used during the isolation procedure to eliminate possible DNA contamination. The integrity of the bacterial total RNA was checked by capillary electrophoresis with an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA). For control and test RNAs, the synthesis of target cRNA probes and hybridization were performed using Transcription of double-stranded DNA (dsDNA) was performed by adding the transcription master mix to the dsDNA reaction mixture samples and incubating them at 40°C for 2 h. Amplified and labeled cRNA was purified on an RNase minicolumn (Qiagen), according to the manufacturer's protocol. A labeled cRNA target was quantified using an ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE).
After the labeling efficiency was checked, each of the cyanine 3-labeled and cyanine 5-labeled cRNA targets was mixed, and the fragmentation of cRNA was performed by adding 10ϫ blocking agent and 25ϫ fragmentation buffer, which were incubated at 60°C for 30 min. The fragmented cRNA was resuspended with 2ϫ hybridization buffer and directly pipetted onto an assembled E. coli strain BL21(D23) 30K format microarray (MYcroarray, Ann Arbor, MI). The arrays were hybridized at 57°C for 17 h using an Agilent hybridization oven (Agilent Technologies). The hybridized microarrays were washed according to the manufacturer's protocol (Agilent Technologies).
Data acquisition and analysis. The hybridization images were analyzed by an Agilent DNA microarray scanner (Agilent Technologies), and data quantification was performed using Agilent Feature Extraction software 10.7 (Agilent Technologies). The average fluorescence intensity for each spot was calculated, and the local background was subtracted. All data normalization and selection of genes whose expression showed fold changes were performed using GeneSpring GX 7.3.1 (Agilent Technologies). Based on statistical calculation, each gene was labeled "present," "marginal," or "absent." (This statistical flag is independent of the expression level and depends only on how much agreement there is among the individual probe sets for each gene.) Genes were filtered by removing genes without one of these labels ("flag-out genes," with out-of-range values corresponding to noneffectiveness via errors or artifacts) in each experiment. Intensity-dependent normalization (locally weighted scatter plot smoothing [LOWESS]), in which the ratio was reduced to the residual of the LOWESS fit of the intensity-versus-ratio curve, was performed. The averages of the normalized ratios were calculated by dividing the average of the normalized signal channel intensity by the average of the normalized control channel intensity. The genes with up-or downregulations showing P values of Ͻ0.05 were considered to be significant. The thresholds for upregulated and downregulated genes in each hybridization were 1.5-fold and 0.66-fold, respectively.
Culture conditions for thymidine production. A suspension of cells was inoculated into a 250-ml flask containing 50 ml of LB medium and incubated at 37°C and 250 rpm for 8 h. For the flask cultures, a 5-ml aliquot of culture broth was transferred to a 500-ml baffled flask containing 50 ml of production medium (60 g/liter glycerol as the carbon source, 10 g/liter CaCO 3 , 10 g/liter yeast extract, 0.4 g/liter MgSO 4 ·7H 2 O, 14.8 g/liter soytone, and trace elements) and then incubated at 34°C and 250 rpm for 24 h. Based on E. coli defined medium, C and N sources were determined by an optimization experiment (6) . The cultivation in the medium containing glycerol and soytone showed a higher NADPH/ NADP ϩ ratio than that of the other tested medium components. CaCO 3 was added to the medium to prevent rapid pH change.
For the fed-batch culture, 100 ml of culture was transferred to a 7-liter jar fermentor (KoBioTech Co., Ltd., Incheon, South Korea) containing a working volume of 3 liters of production medium. The fed-batch cultures were performed in 7-liter jar fermentors at 34°C with a stirring rate of 500 rpm for 4 h, which was then increased to 800 rpm (two 6-blade Rushton-type impellers). Dissolved oxygen (DO) was measured on a DO analyzer (KoBioTech Co., Ltd.). The pH values of the culture broths were monitored using a pH meter (Mettler Toledo Co., Ltd.) and controlled at a minimum pH of 6.95 with 3 M NH 4 OH. The initial volume of glycerol was not totally consumed when 200 ml of first-fed 80% glycerol was added to the culture broth after 4 h Analytical methods. Biomass measured by the optical density at 600 nm (OD 600 ) was converted to grams of cells (dry weight)/liter using a standard curve [1.0 OD 600 , 0.45 g cells (dry weight)/liter]. The quantification of bases and nucleosides was analyzed by high-performance liquid chromatography (HPLC) (Waters 2690; Waters Co., Milford, MA) using an octyldecyl silane (ODS) MG 5-m-pore-size column (4.6 by 250 mm; Shiseido Co., Ltd., Tokyo, Japan) and a UV detector (Waters 2487; Waters Co.). Samples were eluted isocratically with 4% (vol/vol) acetonitrile containing 0.05% (vol/vol) trifluoroacetic acid at a flow rate of 1 ml/min and detected at 260 nm.
Microarray data accession number. Microarray data are accessible via the NCBI Gene Expression Omnibus database (http://www.ncbi.nlm .nih.gov/geo) under accession number GSE69963.
RESULTS
Preparation of a novel thymidine-producing strain by integration of essential genes. We previously worked to develop an optimal thymidine-producing strain of E. coli by expressing foreign genes, increasing NADPH/NADP ratios, and inactivating carAB repressors (8) . Based on this work, we prepared an improved strain for industrial production using BLdtugRPA (see Table S1 in the supplemental material). In this study, we expressed PBS2 TMP phosphohydrolase (TMPase gene), T4 NDP reductase (nrdCAB mat ), and intron-spliced T4 thymidylate synthase (td⌬I) to improve the thymidine-producing strain. First, the td⌬I-PBS2 TMPase operon under the T7 promoter was integrated into the BLdtugRPA genome using N-and C-terminal sequences of the ⌬argR location to prepare the resulting strain, E. coli HLT009 (see Fig. S2A in the supplemental material). In the TMPase gene and td⌬I, the tandem structure with each promoter was better than the operon structure with one promoter in terms of production yield (data not shown). After the chloramphenicol marker was removed, deoD was subsequently replaced with P T7 -T4 nrdCA, which has a naturally overlapped open reading frame (ORF), resulting in E. coli strain HLT010 (see Fig. S2B in the supplemental material). The deoD gene, chosen as the integration target, plays a role in the hydrolysis of thymidine to thymine, but its activity has less of a contribution to the salvage pathway and much lower activity than that of deoA; therefore, for our purposes, it was considered less important. To integrate nrdB mat into the genome, rpoS was chosen as the integration target. The rpoS gene encodes one of the RNA polymerase sigma factors for the general stress response, whose main role is to endow cells with stress resistance for long-term survival (23, 32) . In our cells, because thymidine production is associated with growth, early entry into stationary phase is disadvantageous for producing thymidine. While cells may be sensitive to environmental stress, the disruption of rpoS can be one advantageous approach to enhancing thymidine productivity by delaying entry into stationary phase as late as possible, toward the end of fermentation. While the disruption of rpoS did not result in a statistically significant increase in thymidine production and thymidine per OD value in flask culture ( Fig. 1 ), HLT008 showed a potential for improving productivity in longer cultivation, like fed-batch cultivation (data not shown). This potential encouraged us to select rpoS as the integration site for expressing nrdB mat (intron spliced).
Thus, T4 nrdB mat under the control of the T7 promoter was integrated to replace the rpoS gene in HLT010 (see Fig. S2C in the supplemental material). The resulting strain, E. coli HLT011, allows constitutive strong expression of five thymidine biosynthesis genes under the T7 promoter without any exogenous inducer. While not demonstrated here, we carried out preliminary experiments to determine the gene structure and the length upstream of the RBS region. The expression of nrdB mat together with nrdCA in one operon resulted in a decreased thymidine yield compared to that resulting from the separate expression of nrdB mat and nrdCA.
Recombineering to increase thymidine production. In HLT011 cells, which lack salvage pathway and branching enzymes, the essential integrated biosynthetic enzymes were detected in the soluble fraction of protein extracts (see Fig. S3 in the supplemental material), indicating that all five genes were expressed as functional enzymes. Thymidine production for all derivatives was tested in 50-ml flask cultures using optimized thymidine production medium (see Materials and Methods). While the thymidine production yield was slightly increased in HLT009 (1.5 g/liter) and HLT010 (1.6 g/liter), it was considerably increased in HLT011 (2.2 g/liter), which expresses T4 NrdCAB mat , PBS2 TMPase, and T4 Td⌬I (Fig. 1) . Under the same culture conditions, we compared HLT011 to BLdtug24 (5) and BLdtugRPA24 (8) , which were previously constructed. Even though the expression levels of the integrated genes in our strains were not higher than plasmid-based expression, the thymidine production yield of HLT011 was the highest of any strains studied to date. However, the expression of PBS2 TMPase and T4 Td⌬I in HLT009 was thought to put a certain burden on cell growth. Thus, the percentage of thymidine/OD in HLT009 was higher than the thymidine produced due to decreasing cell mass.
Expression of uridine kinase and dCTP deaminase diminished formation of deoxyuridine. E. coli Udk phosphorylates uridine and cytidine to make UMP and CMP, respectively, which have very important roles in salvage pathways (9) . Dcd is known to convert CTP to UTP by deamination (see Fig. S1 in the supplemental material). Udk and Dcd overexpressed in BLdtug24 containing a plasmid carrying the udk-dcd natural operon enhance thymidine production (5). The udk-dcd natural operon has a gap of 92 bp between udk and dcd in the genome. When we used the udk-dcd natural operon, a large difference in expression level between Udk and Dcd appeared in the strain expressed with this operon. Thus, in this study, we amplified each gene separately and rejoined udk to an artificial strong RBS-dcd to result in an artificial synthetic udk-dcd operon. To test the effect of the expression of these genes on our industrial production strain, the udk-dcd synthetic operon was assembled under the control of a single T7 promoter in plasmid pETDuet (see Fig. S4A in the supplemental material). The resulting plasmid, pETUD, permits the coexpression of Dcd and Udk. Following expression of the udk-dcd synthetic operon in HLT011 cells, Udk and Dcd were detected by SDS-PAGE (see Fig. S4B in the supplemental material). After fermentation, we found that the deoxyuridine peak was considerably decreased in the HPLC profile of the broth supernatant of HLT011/ pETUD (see Fig. S4C in the supplemental material). While further experiments are needed to clearly explain this finding, such a decrease in deoxyuridine is potentially advantageous for industrial production. Based on this result, we constructed a linear DNA fragment for the udk-dcd operon and integrated this into the deoC⌬AB location of HLT011 using an N-terminal region of deoC and a C-terminal region of the deoB sequences, resulting in HLT013 (see Fig. S2D in the supplemental material). Like HLT011/pETUD, HLT013 showed a low deoxyuridine yield. Interestingly, however, its thymidine yield was significantly enhanced compared to that of HLT011 (Fig. 1) .
Transcriptome analysis of the thymidine-producing strain. To measure the global gene expression levels in HLT013 cells producing thymidine, transcriptome profiling was performed (GEO accession no. GSE69963). To monitor all changes resulting from recombineering for enhanced thymidine biosynthesis, the transcriptome profiles of HLT013 and BL21(DE3) were compared by analyzing three samples taken at mid-log growth phase during batch fermentation. Among all of the predicted open reading frames (ORFs), 77 (1.9%) genes were found to be significantly upregulated (Ͼ1.5-fold) (see Table S2 in the supplemental material), and 71 (1.7%) genes were downregulated (Ͻ0.66-fold) (see Table S3 in the supplemental material). These were divided into groups based on known or predicted functions. The expression ratios of the genes involved in central metabolic and thymidine biosynthesis pathways are shown in Fig. S5 in the supplemental material. Interestingly, it is also noteworthy that the expression levels of the genes involved in the high-energy compound-making steps of glycolysis and the pentose phosphate pathway were not significantly changed, whereas those involved in the ATP-obtaining steps of glycolysis from glyceraldehyde 3-phosphate to pyruvate and some dehydrogenases in the tricarboxylic acid cycle were increased (see Fig. S5 ). For the pyrimidine biosynthetic pathway, the expression levels of the genes involved in the supply of aspartate, glutamine, and carbamoyl phosphate were increased. As expected, the genes encoding T4 Td⌬I, PBS2 TMPase, and T4 NrdCAB mat , which were integrated, seemed to be significantly upregulated, but we could not obtain the correct ratio because these proteins do not exist in BL21(DE3).
In the case of purine metabolism, the expression levels of prs, which is related to ribose moiety supply, and the purC, purF, purH, purL, and purT genes, which are related to the flux into IMP, were all slightly increased by around 1.2-fold, while the genes related to AMP and GMP biosynthesis from IMP were all decreased in expression ( Fig. 2A) . The decreased expression of the genes related to AMP and GMP biosynthesis from IMP was entirely consistent with earlier findings that showed that the biosynthesis and transport of AMP or GMP were influenced by disrupting purR (16, 22) . These results also support the notion that purine biosynthesis may be affected negatively by overexpressing pyrimidine biosynthetic genes, such as those encoding T4 NDP reductase, PBS2 TMPase, and Td⌬I.
In pyrimidine metabolism, the transcription of carA and carB, which are repressed by purR, pepA, and argR, was significantly upregulated, as was that of aspC, which converts oxaloacetate into aspartate (Fig. 2B) . Given that carbamoyl phosphate synthetase (CPSase) and AspC play an important role in supplying precursors for the synthesis of carbamoyl aspartate phosphate, we conclude that pyrimidine biosynthesis in HLT013 was greater than that in the parental strain due to an increased precursor supply. In addition, the transcription of pyrBI, pyrC, pyrD, and pyrE was downregulated in HLT013, which was consistent with the earlier observation that the transcription of these genes was maintained even in the absence of the repressors encoded by purR, pepA, and argR through attenuation control by coupled transcription and translation (33) .
In arginine metabolism, argB, argC, and argF, which are directly regulated by argR, were significantly upregulated in HLT013 cells compared to their upregulation in the parental strain (Fig.  2C) . The arginine biosynthetic pathway is competitive with the pyrimidine biosynthetic pathway in utilizing carbamoyl phosphate. If arginine overproduction occurs in our strain, this would be disadvantageous to thymidine production; however, the overproduction of arginine was not detected in HLT013 cells (see Fig.  S4C in the supplemental material). The low levels of arginine may be due to downregulation of argG expression. The decrease in argG expression might lower the rate of carbamoyl phosphate conversion to the arginine precursor, thereby favoring its entry into the pyrimidine pathway, where carbamoyl phosphate consumption is likely accelerated due to the overexpression of T4 NrdCAB mat , Td⌬I, and TMPase in HLT013.
In our previous studies, a high NADPH/NADP ratio was reported to be more favorable for thymidine production (6, 7). Our prior results also showed that the NADPH/NADP ratio was elevated, along with an increased NADH/NAD ratio, by the expression of soluble transhydrogenase (udhA) (7) . Indeed, while the elevated NADH/NAD ratio does not easily return to the normal ratio, the elevated NADPH/NADP ratio returns readily to the normal equilibrium ratio due to the requirement for the reduction of overproduced UDP. This imbalance might give rise to the increase in udhA expression. In this study, we obtained several lines of evidence that the NADH/NAD ratio was elevated by using glycerol instead of glucose, in agreement with previous studies (6) . In HLT013, the transcription of udhA, which can transfer protons from NADH to NADPH, was increased by 2.6-fold (see Fig. S5 in the supplemental material). Additionally, the transcriptional levels of the respiratory enzyme genes (nuoC, sucCD, and sdhACD) and ATP synthase subunit genes (atpEF), which are involved in oxidative phosphorylation, were significantly increased in HLT013 cells (Table 2; see also Table S2 in the supplemental material). In cells in which the NADH/NAD ratio is severely elevated, the PMF is dissipated in a manner that elicits a stress response for stably maintaining the PMF (28, 29, 34) . In HLT013 cells, large changes in the expression of genes associated with stress-induced responses (e.g., phage shock protein [psp] genes) and other stressrelated responses (e.g., flagellum-forming genes, translocase genes, and secretory genes) were observed ( Table 2) . Because psp genes are induced when inner membrane integrity is challenged, HLT013 cells seemed to be stressed under severe PMF-dissipating conditions, as mentioned above. In accordance with previous reports, increasing psp gene expression was accompanied by increased expression of flagellum-forming genes, translocase genes, and secretory genes (Table 2) (34). Taken together, these results suggest that the elevated NADH/NAD ratio contributes to the NADPH supply for thymidine biosynthesis. Excessive NADH may induce enzymes related to oxidative phosphorylation and stress the proteins responsible for maintaining normal cell redox status.
Pyr biosynthetic enzymes (PyrBICDE) were not rate-limiting enzymes in HLT013. Another considerable percentage of genes with significantly increased expression was related to macromolecule generation, especially ribosomal machinery (Table 2) . This is not surprising given that the regulation of pyrimidine genes (pyrB, pyrC, pyrD, pyrE, codBA, and pyrG) in E. coli is highly dependent on the nature of the ribosomes, because their transcription and translation are regulated through attenuation control (35) (36) (37) (38) . Indeed, even though the expression levels of several of the pyr biosynthesis genes were not changed or were only slightly decreased, HLT013 showed a high thymidine yield.
We hypothesized that the current transcription levels of the pyr biosynthesis genes in HLT013 might be sufficient for the biosynthesis of pyrimidine. The metabolic steps involving enzymes encoded by the pyr biosynthesis genes may not be rate-liming steps, such that even with overexpression of the pyr biosynthesis genes, thymidine yield might not be changed. This idea was tested by constructing plasmid pETpyrBICDE, which included the artificial operons with the combination of pyrBI, pyrC, pyrD, and pyrE (see Fig. S6A in the supplemental material). This plasmid was used to transform HLT013. Following the expression of these genes in HLT013 (see Fig. S6C in the supplemental material), we compared the growth and thymidine yield of the resulting strain, HLT013/pETpyrBICDE, to those of HLT013/pETduet, which was used as a control, instead of HLT013, to minimize possible interference by endogenous expression. Indeed, HLT013/pETduet showed a lower production yield (1.7 g/liter) than HLT013 (2.7 g/liter). One of the possible explanations for this is the inhibition by the expression of lacI on the plasmid we used. We designed all promoters of synthetic cassettes in our strain to be able to work under repressor-free conditions. However, the leaked lacI expression on the plasmid inside cells may affect the expression of integrated genes and probably growth. To eliminate this noise effect, we compared HLT013/pETduet with other HLT013-plasmid versions to search for the best integration gene candidates. In fermentation experiments, despite the increased expression level of the pyr biosynthesis genes, no increase in thymidine yield was observed (Fig. 3) . This suggests that PyrBI, PyrC, PyrD, and PyrE may not constitute the rate-limiting step, and HLT013 cells already have sufficient Pyr enzymes for high thymidine yield. While additional supporting experiments are needed to unequivocally explain this observation, this phenomenon may be related to the enhancement of ribosomal machinery in HLT013.
Expression of PspA enhanced thymidine yield by increasing cell growth. To find new integration targets, we chose 10 candidates that were expected to improve thymidine production. For each candidate, we constructed separate plasmids carrying the gene of interest and transformed each of the resulting plasmids into HLT013 (Table 1 ; see also Fig. S6B in the supplemental material). The selected genes are related to the delay of entry into stationary phase (sdiA), intracellular maintenance (pspA and udhA), enhancement of the NADH/NAD ratio (gor and trxB), increase in nucleotide pools (nrdD and pyrG), and hydrolysis of nucleotides (surE, yfbR, and yjjG). In our transcriptome analysis, pspA and udhA showed increased transcription by 4.06-and 2.62-fold, respectively. In contrast, the other candidates were expected to have increased transcription, but their relative transcription levels compared to BL21(DE3) were actually decreased or stayed constant (sdiA, not listed in transcriptome analysis; gor, 1.02; trxB, 0.95; nrdD, 0.89; pyrG, 1.20; surE, 1.43; yjjG, 0.99; yfbR, 1.10). Following the expression of each gene in HLT013 (see Fig. S6C in the supplemental material), we compared their growth and the thymidine yields of HLT013 derivatives to those of HLT013/pETduet.
The sdiA gene encodes a suppressor of cell division inhibitors, which may lead to continuing cell division even in late stationary phase and ultimately nucleotide biosynthesis until the end of fermentation (39) . We expected that the expression of sdiA had a similar effect on the deletion of rpoS. The expression of sdiA significantly enhanced growth compared to that with HLT013/pETduet, while the thymidine yield was not significantly similarly increased by rpoS deletion (Fig. 3) . Next, the overexpression of pspA may help maintain stable redox potential even under severe thymidine-producing conditions (30) . With overexpressed pspA, thymidine yield was increased compared to that with HLT013/ pETduet, from 1.7 to 2.7 g/liter. Interestingly, cell growth was largely increased in HLT013/pETpspA to an OD 600 of 78, compared to that with HLT013 and HLT013/pETduet. Despite unstable plasmid-type expression, this result indicated that psp gene overexpression in HLT013/pETpspA cells served to diminish intracellular stress caused by redox imbalance, such as increased NADH, and also to increase production yield by enhancing growth. Thus, pspA integration was also expected to improve the production yield of thymidine. Additionally, the overexpression of udhA was reported to elevate the NADPH/NADP ratio, which led to increased thymidine yield by its transhydrogenase activity (7) . Even though the expression of udhA did not significantly increase thymidine yield, udhA still showed a relatively positive effect. Recently, the E. coli Origami strain, a strain with gor and trxB mutations, was used as a host for facilitating protein disulfide bond formation in oxidized cytoplasm (40) . We hypothesized that the expression of gor and trxB might facilitate the NDP reductase recycling pathway to enhance NDP reduction, leading to an increase in thymidine yield. However, while the expression of gor showed positive effects on growth, trxB expression did not increase growth. Moreover, there was a considerable difference in thymidine yields between the two strains (Fig. 3) . This may be due to differences in the recycling pathways. Finally, nrdD and pyrG were tested to see if their expression could increase nucleotide pools, and surE, yjjG, and yfbR were also tested for whether their expression would enhance precursor influx by hydrolysis of nucleotides. Except for HLT013/pETpspA, the other strains showed production yields that were similar to or lower than that of HLT013/pETduet, but they showed differences in cell growth (Fig. 3) . Based on this result, we constructed integration DNA fragments and integrated them into the HLT013 genome at the location of upp (see Fig. S2E in the supplemental material). The resulting strain, named HLT026 (see Materials and Methods for the complete genotype), was prepared to allow constitutive expression of psp genes under the T7 promoter. Production of thymidine by fed-batch fermentation in production medium. HLT026 showed a higher production yield than that of HLT013 in flask culture (data not shown). Using HLT013 and HLT026, we investigated thymidine production in 7-liter jar fermentors. After determination of the optimum cultivation conditions (see Materials and Methods), fed-batch cultivations were performed with mixed intermittent feeding and a pH-stat feeding operation. The initial pH was set to 7.0 with NH 4 OH, and the pH was controlled automatically by adding NH 4 OH when pH was Ͻ6.95. One hundred fifty milliliters of 80% glycerol was added intermittently, when pH reached higher limits (7.2 for 2nd and 3rd feeding, and 7.05 for others) until 75 h. After 75 h, glycerol and trace element mixtures were added when the carbon source, glycerol, was limited, which was monitored by the pH signal. In this fed-batch culture, HLT013 produced 10.0 g/liter thymidine in 120 h, corresponding to 51.8 g cells (dry weight)/liter (OD 600 , 115.2) (Fig. 4A) . Additional expression of pspA increased the thymidine production to 13.2 g/liter thymidine in 120 h, corresponding to 58.8 g cells (dry weight)/liter (OD 600 , 130.6) (Fig. 4B) , and the production yield of thymidine from the glycerol consumed (1.83 kg) increased from 24.0 to 31.7 mg/g of glycerol. As shown in and then transferred to 500-ml baffled flasks containing 50 ml of production medium. Other than HLT013, all strains carrying plasmids were induced for protein expression when the cells reached an OD 600 of Ϸ0.6 with 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG). All flask cultures were incubated at 34°C at 250 rpm for 24 h. The thymidine concentration in the medium was determined from the supernatants of cultivation samples. The values are the means Ϯ SD measured from three biological replicates. The designated genes represent the names of genes expressed using pETduet. fermentation profiles using HLT013/pETpspA, the cell growth of HLT026 was increased compared to that of HLT013. The specific thymidine production rates and overall productivity of HLT026 over the course of the fermentation were 0.264 mg/g of glycerol/h and 113.3 mg/liter/h, respectively.
DISCUSSION
In this study, we prepared a rationally engineered strain, HLT026, which is capable of producing high titers of thymidine without exogenous inducers. We previously reported several kinds of plasmid-based production strains (5) (6) (7) (8) . These strains also highlighted the development of the thymidine production process but still had many inherent problems. One of these problems was a decrease in yield by the dilution of cells carrying plasmids during fermentation. To solve this problem, gene integration was performed in this study.
As shown in our microarray data, thymidine-overproducing cells expressed many genes for consuming extra NADH and enduring the dissipation of proton motive force (Table 2; see also  Table S2 in the supplemental material). These cells paid a high cost for elevated NADH/NAD ratios during fermentation. Even though the increase in udhA expression may partially play a role in reducing intracellular stress, the increased NADH/NAD ratio appears to elicit a stress response involving the Psp proteins (7, 13) . Because cellular stress might impair thymidine production, it may be important to protect cells from potentially damaging high redox stress during cultivation. RpoS is known as the stress response sigma factor and plays a role in activating the cellular stress re- Fermentation profile using HLT026. , cell growth; , thymidine; OE, glycerol; solid line, pH; ✖, revolutions per minute (RPM).
sponse (23, 41, 42) . The deletion of rpoS expanded exponential phase by delaying the cell stress response in stationary phase, leading to enhanced thymidine yield (Fig. 1) . The rpoS mutants have shorter doubling times on poor carbon sources and in long-term culture (23) . While cells lose resistance to environmental challenges, the growth advantage in stationary phase is associated with the acquisition of attenuated rpoS mutations even in batch culture with rich medium (32) . In addition, the expression of pspA also increased thymidine production yield by diminishing cellular redox stress (30, 34) . This suggests the maintenance of intracellular redox and the retention of a high NADPH/NADP ratio, which are very important in thymidine production.
Another issue is the amplification of the pyrimidine biosynthetic pathway, which is directly linked to thymidine biosynthesis. As previously mentioned, pyrBI, pyrC, pyrD, and pyrE expression is regulated without repressors through attenuation control by coupled transcription and translation (33) . In this study, pyr-BICED expression seemed not to be effective in thymidine production ( Fig. 3 ; see also Fig. S6C in the supplemental material). Probably, pyrBIE and pyrCD are negatively regulated over a wide range by pyrimidine availability, specifically by the intracellular concentrations of UTP (35, 38) and CTP (36, 37) , respectively. One of the possible explanations is that the accumulation of UTP or CTP may not have occurred in our cells. UDP can be rapidly converted into dUDP to overcome the depletion of DNA precursors caused by overexpressing PBS2 TMPase and T4 Td⌬I. UDP reduction may have been accelerated by the overexpressed T4 NrdCAB. The decrease of UTP and CTP levels led to full transcription of pyrBICED due to needs for DNA and RNA synthesis. Moreover, overexpression of the pyr biosynthesis genes did not enhance thymidine production. This suggests that steps catalyzed by enzymes in the pyr biosynthesis genes are probably not rate limiting. Thus, in an effort to find additional candidates for enhancing thymidine yield, we need to turn our attention to other possible rate-limiting steps, like folate-recycling and ribose-supplying pathways.
While HLT013 showed high thymidine productivity, it had two serious disadvantages in terms of growth. It had severe NADPH-requiring and dTTP-requiring properties. Thus, we focused on how we could lower these burdens without a loss of productivity. The increase in cell mass could be explained as not having improved but having recovered. In this study, we selected nine genes categorized into five groups as possible candidates for enhancing thymidine yield. The first category was genes related to the delay of entry into stationary phase, which means that exponential growth is expanded by controlling the transcription of stress response proteins induced in stationary phase. This idea was inspired from the rpoS mutant, which was prevented from inducing many stress-resistant genes in stationary phase. Likewise, many genes related to the quorum-sensing system are potential candidates, since the quorum-sensing system is a regulatory system that controls gene expression in a cell density-dependent manner (39) . Other than the expression of sdiA, we also considered the expression of luxR and deletion of qseBC as possible approaches (39, 43) . While further experiments were not performed here, we anticipate that engineering these genes may also enhance thymidine yield. The second category was genes related to intracellular maintenance of redox potential. Other than pspA, we also considered udhA expression. In a previous study, we overexpressed udhA to elevate the NADPH/NADP ratio, and this led to increased thymidine yield (7) . Even though the udhA-integrated strain did not show a significant increase in thymidine yield in this study, the expression of udhA still has potential effects in that it is the only soluble transhydrogenase that can convert NADH to NADPH. The third category was the group of genes for enhancing the NADH/NAD ratio. We chose representative reductase genes, gor and trxB. Other than these genes, the NAD kinase gene (yfjB) was also a strong candidate and was previously reported to enhance thymidine yield (6) . However, even though yfjB was a good candidate, it has a critical disadvantage in that it causes a severe imbalance in redox potential (7) . Based on this and our transcriptome analysis, we excluded yfbR from this study. The fourth and fifth categories were related to nucleotide biosynthesis. We expected that nrdD and pyrG could accelerate the synthesis of pyrimidine nucleotides. However, the cells expressing these genes did not show enhanced thymidine yield but did show increased growth. This result suggests that the amplification of these pathways contributes mainly to recovery of growth, not thymidine biosynthesis. This increase in cell growth may be caused by the increase in the dCTP supply from the overexpression of nrdD and pyrG. Indeed, HLT013 exploited the pyrimidine nucleotide biosynthetic pathway for thymidine production only, which might be a severe burden to cells because of the lack of dCTP for DNA synthesis. In the transcriptome analysis, the transcription of pyrG, which plays an important role in CTP synthesis, was slightly increased by 1.2-fold, even in HLT013, indicating that CTP synthesis inside cells might be somewhat limited. In contrast, transcription of nrdD was decreased by 0.89-fold. Under this condition, the expression of nrdD, which converts CTP into dCTP, might enhance recovery from growth inhibition better than the expression of pyrG, which converts UTP into CTP. Those in the last category, enzymes encoded by surE, yfbR, and yjjG, are known to have different substrate specificities (44, 45) . While SurE is active on nucleoside monophosphate (NMP) and dGMP, YjjG is active on dTMP, dUMP, CMP, and UMP. In addition, YfbR is active on all deoxynucleoside triphosphates (dNTPs) but has relatively low affinity for dTMP. Accordingly, the relative affinities of these enzymes for dTMP are, from greatest to least, those of YjjG, YfbR, and SurE. Even though their expression did not show an increase in thymidine yield, they showed a very interesting trend in growth and thymidine yield: affinity for dTMP was higher, so its growth and thymidine yield were also enhanced. In HLT013 cells, dTMP hydrolysis activity was expected to have already been saturated by expressing PBS2 TMPase. Therefore, we can explain this phenomenon as follows: the excessive hydrolysis of other NMPs and deoxyribonucleoside monophosphate (dNMP) compared to that of dTMP may be caused by dNTP and NTP depletion, leading to the inhibition of growth and to decreased thymidine yield. While not investigated here, to further enhance thymidine yield, it is possible that the strong need for nucleotide biosynthesis caused by expressing all 5= nucleotidases might give rise to enhanced de novo nucleotide biosynthesis under optimized conditions. From a technological standpoint, a notable outcome of the studies described here was the preparation of a plasmid-free thymidine producer with high titers by the rational design of metabolic reprogramming through the selection of new engineering targets using transcriptome analysis. We demonstrated that the highest thymidine yield was readily achieved by recombineering with biosynthetic genes and cellular maintenance genes. The resulting strain allows for fermentation processes that satisfy indus- trial needs for convenient cultivation control and purification processes. Moreover, due to the lack of available techniques for overcoming plasmid instability, the scale-up process is always challenged by industrial factors. Notably, the fermentation process described here has the potential to overcome these challenges. First, this integration-type strain is freed from inducer problems and plasmid instability. Second, the balanced cellular status may help to enhance stable thymidine yield through additional recombineering. In particular, we showed that several valuable insights were gleaned from the microarray data, including the illumination of new metabolic engineering targets for further enhancement of thymidine production. The microarray data can be used to identify steps that require further engineering and provide a framework for new approaches to augment thymidine overproduction.
